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Abstract:

The cross sections of the Higgs production and the corresponding backgrounds of e™e™ annihilations at

the CEPC (Circular Electron and Positron Collider) are calculated by a Monte-Carlo method, and the beamstrahlung
effect at the CEPC is carefully investigated. The numerical results and the expected number of events for the CEPC

are provided.
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1 Introduction

The discovery of the Higgs boson [1,2] is a great mile-
stone for modern particle physics. No matter whether it
is the Standard Model (SM) Higgs or an indication of
new physics, the discovery makes the Higgs mechanism
more credible. Furthermore, precision measurements of
the properties of the new Higgs boson are critical for
Higgs physics; any deviation away from the SM expecta-
tion will improve our knowledge of the elementary par-
ticles and their interactions. With this consideration, an
ete™ collider with high luminosity and energy is best
suited for Higgs research.

The Circular Electron-Positron Collider (CEPC) [3]
is a proposed circular collider. It is designed to run
around 240—250 GeV and will deliver 5 ab™" of inte-
grated luminosity during 10 years of operation. About
10% Higgs events will be produced in a clean environ-
ment, which allows the measurement of the cross section
of Higgs production as well as its mass, decay width and
branching ratios with precision much better than those
of hadron colliders.

Besides Higgs events, there will be a large number
of electroweak processes generated at the CEPC, via the
vector bosons W and Z. High electroweak statistics is es-
sential for understanding the detectors precisely, for the
precision measurements of Higgs properties. Moreover,
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these electroweak events can also be used to perform high
precision measurements of the SM parameters, such as
the forward-backward charge asymmetry (Apg).

The calculations in this paper are done with the
WHIZARD generator [4, 5], which is one of the most popu-
lar Monte-Carlo generators for Higgs studies and is used
by the International Linear Collider (ILC) [6-10] and
Compact Linear Collider (CLIC) [11, 12] groups.

In this paper, we will investigate the physics cross
sections and describe event generation at the CEPC. In
Sec. 2, Higgs production is studied and the cross sections
are given. The radiative correction to the cross sections
is discussed in Sec. 3. In Sec. 4, the backgrounds of var-
ious final states are presented. Finally, a brief summary
is provided in the Sec. 5.

2 Higgs production cross section

Due to the fact that the Higgs boson coupling

Fig. 1. Feynman diagram of the Higgsstrahlung process.
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to fermions is proportional to the fermion mass, the pro-
cess ete” — H is highly suppressed. The dominant Higgs
production in electron positron annihilation is the so-
called Higgsstrahlung, an s-channel process in which a
Higgs is produced in association with a Z boson, as shown
in Fig. 1.

The other two typical t-channel processes, the vector
boson fusions, as shown in Fig. 2, are sizable contribu-
tions to the Higgs production that will increase with the
center of mass energy.

Fig. 2. Feynman diagrams of vector boson fusions.

The cross section of the Higgsstrahlung process can
be written as
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The cross section for vector fusion production can be
written in a similar compact form as [13]
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where V stands for the vector bosons Z or W, and the
dimensionless variables are defined as
z=y(x—zn)/(xzy).

Tg=m5y/s, xTv=mi/s

For moderate Higgs masses and energies, the cross
sections of vector boson fusion are suppressed compared
with Higgsstrahlung due to the additional electroweak
couplings. With increasing energy, the cross sections
of VBF processes rise logarithmically as the typical t-
channel process [14]
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Meanwhile, the cross section of nggsstrahlung decreases

asymptotically according to the scaling law ~ gg/s.
Therefore, vector boson fusion will become the dominant

olete” = VV —11H) ~

contribution to the Higgs production far beyond the ZH
threshold.

The Higgsstrahlung, WW and ZZ fusions are shown
in Fig. 3. Above the ZH threshold, the cross section
of Higgsstrahlung rises rapidly and reaches its maximum
around 250 GeV. The dashed curves represent the cross
sections without the ISR effect, which will be discussed
in the following section.
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Fig. 3. (color online) The cross sections of vari-

ous Higgs productions, in which the solid lines
are with ISR correction and the dashed ones are
without.

3 Initial state radiation and beam-

strahlung

Initial state radiation (ISR) is an important issue
in high energy processes, especially for lepton colliders.
ISR affects cross section significantly, for example, reduc-
ing the ZH cross section by more than 10% within the
WHIZARD framework as shown in Fig. [3]. Though the
cancellation for soft and collinear photons has been vali-
dated to all orders in perturbation theory [15], and hard
photon emission can in principle also be calculated per-
turbatively order by order in QED [16,17], the maximal
order for the hard photon is set to be 3 in the calculation.

Table 1. Comparison of cross sections with beam-
strahlung turned on and off.

ISR/fb ISR & Beamstrahlung/fb
o(ete™ — ZH) 212 211
o(ete™ —vvyH) 6.72 6.72
o(ete” —ete H) 0.63 0.63
olete™ —qq) 50216 50416
olete” = WHTW~) 15484 15440
o(ete™ —177) 1033 1030

Besides ISR, another macro effect at high luminos-
ity electron-positron colliders, beamstrahlung, also af-
fects the cross section. In the storage ring the beam-
strahlung effect makes the beam energy spread larger
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and reduces the center of mass energy [18]. A tool that
is widely used to simulate this effect for ete™ colliders is
GuineaPig++ [19,20]. The total energy spread caused by
beamstrahlung and synchrotron radiation is studied by
Monte-Carlo simulation and determined to be 0.1629%
at CEPC [18]. In the event generation, even though the
energy spread is taken into account, the corrections to
the cross sections of Higgs production are negligible while
the observable difference in ete™ — qq is only at percent-
age level. The results are listed in Table 1.

4 Cross sections of backgrounds

4.1 Two-fermion backgrounds

Two-fermion final states are the major backgrounds
in electron positron colliders. The leading process is
quark pair production and the cross section is around
50 pb at /s ~ 250 GeV. Another important two-
fermion process is di-muon production, whose cross sec-
tion reaches 5 pb. The cross sections of these two pro-
cesses are shown in Fig. 4, and the expected numbers
of qq and ptpu~ events at 250 GeV are around 250 x 10°
and 22 x 105, respectively (see Table. 4), for the CEPC
program.
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Fig. 4. (color online) The cross sections of e*e™ —

qd and ptp~ processes, in which the solid
(dashed) lines are with(without) ISR correction.

The cross sections are much higher in the vicinity
of the Z pole, and the precision of Z pole measurement
could benefit from such large statistics. For the partial
decay width Z — putu~, the statistical uncertainty can
be reduced to 0.03% [3] compared to 0.15% for LEP ex-
periments [21-24]. The electroweak mixing angle is an
important free parameter in the SM, rotating the origi-
nal SU(2)xU(1) field into the physically observed vector
boson state. It is sensitive to higher-order electroweak
corrections and could be a precise test of SM perturba-
tive theory. The precision of the mixing angle is expected
to be 0.02% from the Z — bb process [3]. The precision
measurement of the mass of the Z boson may also be

improved at CEPC, and the statistical uncertainty is ex-
pected to be 0.1 MeV [3].

Both the measurements of the electroweak mixing an-
gle and the mass of the Z boson need the data from a
Z pole run as well as off-peak runs. A preliminary data
taking plan for Z pole physics was proposed in [3], and
the luminosities as well as cross sections at different en-
ergy points are listed in Table 2. Of course, this scan
scheme would be optimized in future studies.

Table 2. A possible scan scheme around the Z pole

at CEPC.
\/s/GeV 88.2 89.2 90.2 91.1876
JL/b7L 10 10 10 100

olete~ —qd)/nb 4.22 792 17.22 30.20

o(ete™ — pp)/nb 0.2 0.41 0.87 1.51
\/s/GeV 92.2 93.2 94.2
JL/b7L 10 10 10

o(ete™ —qq)/nb 2224  12.78 8.18

o(ete™ —pp)/nb 1.11 0.65 0.42

4.2 Bhabha scattering

The small-angle (SABH) and large-angle (LABH)
Bhabha scattering processes both play important roles
in ete™ collider physics. SABH is mainly used to mea-
sure the instant luminosity of the accelerator due to
the huge cross section, while LABH can be used as
a cross check of the luminosity measurement of the
SABH for the calibration of the detector during the
offline stage.

The observed cross section of SABH in the next-to-
leading order for theoretical prediction depends not only
on the angular range covered by the detector, but also
on the cut of the electron energy. Although WHIZARD
is designed to calculate it up to next leading order,
unfortunately, it is not adequate for the SABH pro-
cess, especially in the low energy region, as shown in
Fig. 5.
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Fig. 5. (color online) The cross section of Bhabha

scattering, with ISR included and a cut for photon
energy applied.
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4.3 Vector boson pair production

The electroweak processes for vector boson pair pro-
duction are ete™ — WTW~ and ete™ — ZZ. The cross
sections of on-shell production for vector bosons are plot-
ted in Fig. 6. The s-channel process provides the domi-
nant contribution in the CEPC energy region.

Vector boson pair production is crucial for the pre-
cision measurement of the Higgs. For example, W
bosons can be produced via Fig.7, and they can de-
cay further into a quark-antiquark pair, i.e., WTW~ —
uadd or ccss, which creates four jets and tends to con-
taminate the ZH in many cases. Although ZZ pair pro-
duction is one order of magnitude smaller than WW,
it is especially severe as a background for Higgs mea-
surements as it may lead to the same final states and
kinematics as ZH.

resource for precision measurements of triple boson cou-
pling in electroweak theory. Any deviation from the
SM will be a hint for new physics beyond the Standard
Model.

5 Classification of event samples

The Monte-Carlo samples generated for CEPC can
be grouped into signal and background parts intuitively.
The signal part includes all the Higgs production pro-
cesses, both Higgsstrahlung and fusion. The back-
grounds can be classified according to the final states.
The final states with two fermions and four fermions con-
tribute the most background for CEPC, since the center
of mass energy of CEPC is not high enough for more
particles in the final state.

Table 3. Number of Feynman diagrams for WW
type processes.
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Fig. 6. (color online) The cross sections of e*e™ — ! “
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Fig. 8. Typical topologies of four-fermion produc-
Fig. 7. Feynman diagrams for WW pair production. tion of WW type.

Precision measurements of the W boson mass can be
achieved by both the direct method and by threshold
scan. By applying the direct method, the measurements
can be performed with the same run at /s = 250 GeV,
where most attention is paid to the Higgs. The main
challenge of the direct method is the calibration of the de-
tectors and the modeling of resolution, which is propor-
tional to 4/s. Thanks to the high luminosity of CEPC,
the uncertainty due to beamstrahlung can be reduced to
~1 MeV.

Besides the W boson mass measurements, these vec-
tor boson productions, WrW~ and ZZ, are also a good

The classification scheme for four-fermion produc-
tion, which is borrowed from LEP [25], depends crucially
on the final state. The four fermions can be classified into
two classes. The first class comprises the (up, anti-down
or Iv) and (down anti-up or Iv) combinations,

Ui D)+(U; Dy),
which are produced by a virtual WW pair, named the

“WW?” process. The other class is the production of two
fermion-antifermion pairs,

(fi F)+(f fi)
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which is produced by two virtual neutral vector bosons,
named the “ZZ” process.

A further restriction can be applied to these two
types. If there is e* together with its neutrino and an on-
shell W boson in the final state, this type is named the
“Single W” process; Meanwhile, if there is an electron-
positron pair and an on-shell Z boson in the final state,
this case is named the “Single Z”. Some final states con-
sist of two mutually charge-conjugated fermion pairs,
which could be from both virtual WW or ZZ; this type
is called the “mixed type”.

The typical structure of Feynman diagrams for the
WW type is listed in Fig. 8; the final states could be
produced through an intermediate W pair or W boson
radiation. Further, the actual number of the Feynman
diagrams is listed in Table. 3. The numbers in bold
font are the general WW processes, which means there
are two pairs of fermions in the final state without iden-
tical particles. The ordinary font and italic font describe
the single W and mixed processes, respectively. The ZZ
type has a similar structure to the WW type, and Ref.
[25] is a good reference for details.
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Fig. 9. (color online) The cross sections of major
SM processes with ISR effect taken into account.

6 Summary

In summary, the cross sections of major Standard
Model processes, including Higgs production as well as
the major backgrounds, are plotted in Fig. 9, where the
ISR effect has been taken into account.

In addition, the numerical results of these processes
are listed in Table 4, as well as the expected number
of events for a total luminosity of 5 ab~! for a 10-year
run. Based on the cross sections, the Monte-Carlo sam-
ples for Higgs analysis at CEPC have been generated by
WHIZARD.

Table 4. Cross sections and numbers of events ex-
pected at 250 GeV for CEPC.

No. of events in 5 ab—1

process cross section
higgs production cross section in fb
ete” —»ZH 212 1.06 x 106
ete” -vvH 6.27 3.36 x 10*
ete” —eteH 0.63 3.15x 103
total 219 1.10 x 106

background cross sections in pb

ete™ —ete~ 25.1 1.3x 108
ete™ —qq 50.2 2.5x 108
ete” —pup (or tr)  4.40 2.2x 107
ete” = WW 15.4 7.7x107
ete™ -72 1.03 5.2 x 106
ete™ —eeZ 4.73 2.4x107
ete™ —evW 5.14 2.6 x 107

In this paper, the cross sections of Higgs production
and the background processes at the CEPC have been
evaluated and the classification of the MC samples dis-
cussed. Most of the processes have been well calculated
by WHIZARD. Bhabha processes should be studied more
carefully in the future.

It is worth noting that there are several differences
compared with previous studies for the ILC. First, CEPC
and ILC have completely different environments. The
beamstrahlung effect is much weaker (typically 2 orders
of magnitude) at the CEPC, which leads to a negligible
correction to the CEPC energy spread. Second, although
250 GeV has been investigated for our physics interests
in this paper, the methods and tools could also be used
at various other energy points, for example 240 GeV, at
which the physics interests and project concerns could
both be satisfied. Additionally, the SM backgrounds
have been investigated more carefully than for the ILC
project. All these prospects have been investigated for
the CEPC in this paper.
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